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ABSTRACT
Three studies are presented dealing with the relationship between ground 
temperatures, surface meteorological parameters, and different vegetation cover. These 
observations are related to borehole temperature profiles and the record they provide of 
climate change at the decadal to centennial time scale.
The first study examines how borehole temperatures respond to surface 
temperature changes using three boreholes in northwestern Utah that have been 
repeatedly logged for temperature over a period of 29 years. Systematic subsurface 
temperature changes of up to 0.6 °C are observed in the upper sections of these 
boreholes. Synthetic temperature profiles computed from surface data at nearby 
meteorological stations reproduce both the amplitude and pattern of the transient 
temperature observations, fitting observations to within 0.03 °C or better. This provides 
observational confirmation of the strong coupling between surface temperature change 
and borehole temperature transients.
The second study compares observations from a set of meteorological stations in 
the Cascades Mountains in Oregon that show vegetation cover can significantly affect 
ground temperatures due primarily to the influence of trees shading the ground from 
incoming solar radiation. During the period between 2000 and 2004, air temperature 
differences between the two sites decreased only slightly from 1.7 °C to 1.1 °C, while 
ground temperature differences were cut nearly in half from 2.8 °C to 1.5 °C. These
changes are directly connected to the decrease in solar radiation over the study period as 
the forest grew back. Subsurface temperatures are reproducible using the Noah land 
surface model, but are largely influenced by incoming solar radiation.
The third section addresses the importance of public and educational outreach in 
the realm of climate change, which led to the development and publishing of 
meteorological and subsurface data from the Emigrant Pass Observatory located in the 
Grouse Creek Mountains in northwestern Utah through a website. The primary goals of 
this website are to provide a tutorial for understanding both local climate and climate 
change, and their relation to diffusion of temperatures into the Earth’s subsurface, to 
facilitate access to available climate data, and to provide educational lesson ideas for 
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This dissertation comprises three individual journal articles written while at the 
University of Utah and are presented here as separate chapters. The chapters each deal 
with the relationship between ground temperatures, surface meteorological parameters, 
such as surface air temperature, solar radiation, precipitation, and snow cover, and 
different vegetation cover.
The primary question that has focused this research is “Do ground temperatures 
track air temperatures on both short and long time scales?” Additionally, “What is the 
effect of changing land cover on ground temperatures?” These questions have an impact 
on the interpretation of temperature-depth profiles as a tool to determine recent climate 
change history. If we are to use ground temperatures as a paleoclimate indicator, the 
connection between air and ground temperatures must be understood well. Two points 
that are addressed in this dissertation are, first, the tracking of air temperatures by ground 
temperatures on decadal time scales in boreholes and second, the impact that changing 
vegetation cover has on air-ground temperature tracking.
Chapter 1 presents an investigation of repeat temperature-depth logs from 
boreholes in northwestern Utah. It was published in volume 115 of the Journal o f 
Geophysical Research -  Solid Earth under the title “Repeat temperature measurements in 
boreholes from northwestern Utah link ground and air temperature changes at the decadal
time scale,” by M. G. Davis, D. S. Chapman, and R. N. Harris in May of 2010. This 
article is reproduced here with permission from the American Geophysical Union. 
Chapter 2 is being prepared for submission to Agricultural and Forest Meteorology under 
the title “Subsurface thermal and hydrological changes between a forested and a clear-cut 
site in the Oregon Cascades,” by M. G. Davis, D. S. Chapman, R. N. Harris, and R. S. 
Waschmann. This chapter details the investigation of two meteorological stations in the 
Cascade Mountains of Oregon under differing conditions of land cover. The third and 
final chapter presents efforts of science outreach through dissemination of observational 
data and lesson plans at the Emigrant Pass Observatory website. This final article has 
been published in the Journal o f Geoscience Education in August of 2012 under the title 
“A web-based resource for investigating environmental change: the Emigrant Pass 
Observatory” by M. G. Davis and D. S. Chapman. It is reproduced here with permission 
from the National Association of Geoscience Teachers.
I wish to thank the many friends and colleagues who have contributed to my work 
at the University of Utah. In particular, my doctoral committee, Dave Chapman, Rob 
Harris, John Bowman, Kip Solomon, and Dave Bowling, have given me support and 
encouragement throughout this process. My advisor, David Chapman, is owed distinct 
thanks for getting me started on this journey so long ago when he convinced an 
undergraduate interested in volcanoes to do a senior thesis on thermal conductivity 
anisotropy. Little did I know that it would lead me back to Utah to study ground 
temperatures and climate change. In addition, much appreciation and thanks are due to 
the many student members of The Friends of Lord Kelvin (FoLK) group during my time 
at the University, including Paul Gettings, Derrick Hasterok, Christian Hardwick,
xi
Kristine Nielson, Sukanta Roy, Imam Raharjo, Melissa Masbruch, Mason Edwards, and 
Bryce Johnson. Paul Gettings is owed especial thanks for so many trips to measure 
ground temperatures or fix sensors, often in adverse weather.
I would also like to thank my family for their support of my academic pursuits.
My children, Marisa, Thomas, Elizabeth, and Caitlin have always thought it was cool that 
dad was in school along with them. They have been an inspiration to me, and reminded 
me that all of us have an innate scientific curiosity. Finally and above all, this work 
would not have been possible without my loving wife, Tammy. Her love, patience, 
support, and sacrifice have not gone unnoticed. I remain now and eternally in her debt.
xii
CHAPTER 1
REPEAT TEMPERATURE MEASUREMENTS IN BOREHOLES 
FROM NORTHWESTERN UTAH LINK GROUND AND 
AIR TEMPERATURE CHANGES AT THE 
DECADAL TIME SCALE
Abstract
Borehole temperature profiles provide a record of ground surface temperature 
(GST) change at the decadal to centennial time scale. GST histories reconstructed from 
boreholes are particularly useful in climate reconstruction if changes in GST and surface 
air temperature (SAT) are effectively coupled at decadal and longer time periods and it 
can be shown that borehole temperatures respond faithfully to surface temperature 
changes. We test these assumptions using three boreholes in northwestern Utah that have 
been repeatedly logged for temperature over a time span of 29 years. We report thirteen 
temperature-depth logs at the Emigrant Pass Observatory (EPO) borehole GC-1, eight at 
borehole SI-1, and five at borehole DM-1, acquired between the years 1978 and 2007. 
Systematic subsurface temperature changes of up to 0.6 °C are observed over this time 
span in the upper sections of the boreholes; below approximately 100 m any temperature 
transients are within observational noise. We difference the temperature logs to highlight
2subsurface transients and remove any ambiguity resulting from steady-state source of 
curvature. Synthetic temperature profiles computed from SAT data at nearby 
meteorological stations reproduce both the amplitude and pattern of the transient 
temperature observations, fitting the observations to within 0.03 °C or better. This 
observational confirmation of the strong coupling between surface temperature change 
and borehole temperature transients lends further support to the use of borehole 
temperatures to complement SAT and multiproxy reconstructions of climate change.
Introduction
Borehole temperature-depth profiles contain important information about the 
Earth’s changing surface temperature [Lachenbruch and Marshall, 1986; Pollack and 
Chapman, 1993; Pollack and Huang, 2000; Beltrami, 2002; Harris and Chapman, 2005]. 
For one-dimensional, conductive heat transfer, a surface temperature variation in time,
T (z = 0, t) = F(t), (1-1)
creates transient curvature in the subsurface temperature profile, with the subsurface 
temperature response being governed by the diffusion equation,
!T(z, t) = T(z, t) 
dt dz1 ’
where T is temperature, z is depth, t is time, and a  is thermal diffusivity. The diffusion of 
the surface temperature variation into the subsurface is scaled by thermal diffusivity. A
3surface temperature change at time zero is largely captured within a depth called the 
thermal length, l,
l = y [4 !t , (1-3)
at a subsequent time t. Because the thermal diffusivity of rocks is about 1 x 10-6 m2 s-1, 
the majority of the past 100 years of surface temperature change is stored within the 
upper 113 m of the Earth; the majority of the last 1000 years of surface temperature 
change is captured in the uppermost 350 m. Careful analysis of curvature in the upper 
few hundred meters of a temperature-depth profile, therefore, can be used to reconstruct 
surface temperature change over the past millennium [e.g., Huang et a l, 2000; Harris 
and Chapman, 2001; Pollack and Smerdon, 2004].
Equation 2 posits that for a homogeneous half space, the rate of change of 
temperature at any depth is proportional to the transient curvature in the temperature- 
depth profile at that depth. Because the Earth is not a homogeneous half space, 
phenomena and processes other than a changing surface temperature can also cause 
curvature in temperature-depth profiles. Steady-state source of curvature include: 
subsurface thermal conductivity variation, radioactive heat production, refraction due to 
topography, and by differential solar insolation due to variations in slope and azimuth. 
Transient source of curvature include: changes in GST due to surface air temperature 
(SAT), spatial changes in surface temperature around the borehole caused by temporal 
variations in albedo, nonisothermal groundwater flow [e.g., Beck, 1982; Chisholm and 
Chapman, 1992; Lewis and Wang, 1992; Harris and Chapman, 1995], precipitation
[Bartlett et a l, 2004], and other microclimatic effects. Chisholm and Chapman [1992] 
and Harris and Chapman [1995] explore the magnitude of many of these effects 
quantitatively. While most studies of climate change inferred from borehole temperature 
profiles attempt to select sites that minimize these nonclimatic sources of borehole 
temperature profile curvature, it is often difficult to partition curvature between steady- 
state and transient sources of curvature. Much of the ambiguity in interpreting borehole 
temperature-depth curvature can be removed by measuring the transient effect directly.
Direct observation of the transient temperature field in a borehole temperature 
profile has a second important consequence. If there is a meteorological station at the 
borehole site, or reasonably close, then the linkage between changes in the surface air 
temperature (SAT) with time and changes in the subsurface temperature-depth profile can 
also be evaluated. How strongly coupled are ground surface temperature (GST) histories 
to changes in SAT? Such a test is the basis of using borehole temperatures to reconstruct 
climate change and for comparing the results of borehole studies with SAT changes and 
also proxy temperature changes over longer periods.
At the annual to decadal scale, coupling between SAT and GST has been 
investigated through comparisons between meteorological data and shallow soil 
thermistors [e.g., Putnam and Chapman, 1996; Smerdon et al., 2004, 2006; Bartlett et al., 
2006; Stieglitz and Smerdon, 2007]. Related studies include model simulations which 
parameterize relevant processes at the ground surface to simulate interactions between 
the atmosphere and subsurface [e.g., Gonzalez-Rouco et a l, 2003, 2006, 2009], 
comparisons between atmospheric models and observed borehole temperature profiles 
[Beltrami et a l, 2006; Stevens et al., 2008], and comparisons between hemispheric
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averages of SAT and borehole temperature data [Harris and Chapman, 2005; Harris, 
2007].
In spite of the importance of direct observation of borehole temperature transients, 
the slow rate of temperature change combined with the difficulty of maintaining access to 
sites over more than decades has resulted in only a few studies of repeat borehole 
temperature measurements [Chapman and Harris, 1993; Majorowicz and Safanda, 2005; 
Safanda et al., 2007; Kooi, 2008]. Chapman and Harris [1993] used the differences 
between repeat borehole temperature logs from northwest Utah to show that subsurface 
temperature transient can be determined and steady-state sources of curvature can be 
eliminated. More recent studies by Majorowicz and Safanda [2005], Safanda et al. 
[2007], and Kooi [2008] echo the findings of Chapman and Harris [1993], as well as 
show that multiple temperature-depth logs from individual boreholes can decidedly 
resolve uncertainty between SAT and GST coupling.
In this study, we report direct observations of transient temperatures in three 
boreholes from northwest Utah. Observations include repeated temperature logs 
collected over a 29-year time span. At one borehole, site GC-1, we use a collocated 
meteorological station (Emigrant Pass Observatory -  EPO), established in 1993, to 
investigate fine-scale coupling between air and ground temperatures. We first isolate the 
transient temperature field in each borehole and then quantitatively compare variations in 
these temperature logs with variations in SAT from nearby meteorological stations. This 
study extends the time span of observations and expands the number of sites used in the 
earlier work of Chapman and Harris [1993].
5
Borehole Temperature-Depth Profiles 
Boreholes at Grouse Creek (GC-1), Silver Island (SI-1), and Desert Mountain 
(DM-1) (Figure 1-1) were drilled in 1978 as part of a heat flow investigation of the 
northern Basin and Range tectonic province in the western U.S [Chapman et a l, 1978]. 
These boreholes were specifically located in granitic plutons with subdued terrain to 
minimize disturbances due to rock heterogeneity and topography and to minimize 
possible disturbances from groundwater flow. Each borehole was drilled to a depth of 
152 meters and cased with 64 mm inner diameter PVC pipe. The annulus was back-filled 
with a slurry of drill cuttings. The bottoms of the casings were capped and the pipes were 
filled with water to stabilize the measuring environment and facilitate temperature 
logging.
Borehole GC-1 is located in northwestern Utah at the southern edge of the Grouse 
Creek Mountains (Figure 1-1). The environment surrounding GC-1 is classified as 
desert. The jet stream brings storms from the Pacific Northwest to northern Utah, and 
much of the roughly 30 cm annual precipitation at the site comes in the form of snow 
[Bartlett et al., 2006]. Borehole SI-1 is located on the western flank of the Silver Island 
Mountains on the west side of the Great Salt Lake. This range is surrounded by playa, 
salt, and mud flats from remnants of higher stands of the lake. Precipitation is low in the 
area as evidenced by the desert conditions and salt flats. Borehole DM-1 is located near 
the eastern edge of the Great Basin. Grasses and occasional sagebrush on the generally 
flat and low-lying basin dominate the semi-arid desert environment, giving it a more 
steppe-like setting.
6
7Figure 1-1. Location map of northwestern Utah, USA, showing borehole sites (circles) 
and meteorological stations (triangles) used for comparisons between ground and air 
temperatures. Meteorological stations are from the US Historical Climatology Network 
[Menne et al., 2009].
Temperature-depth profiles from these boreholes were originally measured in 
1978 at a logging interval of 5 m (temperature-depth data are provided in the auxiliary 
material). Thermal conductivities (Table 1-1) were made on rock chips returned to the 
surface during drilling and are relatively uniform with depth [Chapman et al., 1978]. A 
changing focus in geothermal studies from heat flow to climate change caused us to relog 
the boreholes in 1990, decreasing the depth interval of temperature measurements from 5 
to 1 m to improve resolution of any possible climatic signal [Chisholm and Chapman, 
1992]. Starting in 1992, multiple logs within the same field session were measured and 
averaged (Table 1-2) with the aim of reducing noise from random temperature 
fluctuations within the borehole [Chapman and Harris, 1993; Harris and Chapman, 
2007]. A waiting time of about 12 hours between logs ensured that the thermal 
conditions in the borehole had equilibrated from disturbances caused by the previous log.
Temperature-depth profiles from the three boreholes taken over a span of 29 years 
are shown in Figure 1-2. To account for instrument (thermistor, resistance meter) drift 
over the nearly three decades and small uncertainties in depth, the temperature data for 
each log are shifted by a small amount so that bottom hole temperatures are constant for 
all logs at each borehole (Table 1-2). Each temperature shift is typically less than a few 
10s of milliKelvin and improves the consistency of the lower portion of each temperature 
profile. The lower portion of each temperature log exhibits a constant thermal gradient, 
consistent with the observed uniform thermal conductivity and constant heat flow. We 
define a background thermal regime and surface temperature intercept at each site in 
terms of a linear fit to data below a depth of 100 m (Table 1-1). These parameters are 
based on the entire set of temperature logs for each borehole. The
8
9Table 1-1. Geothermal information for borehole sites.
Borehole Latitude Longitude Elevation r To K Heat Flow
(m) (°C/km) (°C) (W m-1 K-1) (mW m-2)
GC-1 41°32’ 113°42’ 1756 31.03 10.65 3.14 97
SI-1 41°02’ 113°47’ 1332 40.54 13.93 2.28 92
DM-1 39°44’ 112°36’ 1524 31.64 14.22 3.01 95
r  is the average thermal gradient and To is the average surface temperature intercept 
based on linear fits to the data below 100 m for all temperature logs. K is the thermal 
conductivity.
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Table 1-2. Logging years and numbers of borehole logs used in analysis.









GC-1 1978 1 31.19 10.63 0.105 5m spacing
1990 1 31.08 10.65 0.012 1m spacing
1992 3 31.24 10.62 0.007
1993 4 31.19 10.63 0.010
1994 3 31.04 10.65 -0.020 Small diameter
pipe
1995 3 30.88 10.68 0.027
1996 3 31.03 10.66 -0.026
1998 1 30.54 10.73 0.042
2000 3 31.03 10.66 -0.028
2002 3 31.05 10.65 -0.031
2004 2 31.04 10.65 -0.030
2005 1 31.06 10.65 -0.029
2007 2 31.09 10.65 -0.039
Ave 31.03 10.65
SI-1 1978 1 41.92 13.72 0.088 5m spacing
1990 1 40.55 13.93 0.004 1m spacing
1992 3 40.44 13.94 -0.007
1994 4 40.26 13.95 -0.014
1995 3 40.44 13.94 -0.011
1996 3 40.32 13.96 -0.023
1997 3 40.30 13.96 -0.012
2007 2 40.11 13.99 -0.026
Ave 40.54 13.93
DM-1 1978 1 31.69 14.20 0.125 5m spacing
1990 1 31.81 14.20 -0.026 1m spacing
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Table 1-2. continued.
1992 3 31.69 14.23 -0.015
1997 3 31.63 14.24 -0.023
2007 1 31.40 14.26 -0.061
Ave 31.64 14.22
r  is the thermal gradient and To is the surface temperature intercept based on linear fits to 
the data below 100 m. ATb is the shift applied to the temperature logs assuming the 
bottom hole temperature is constant. The average values at the bottom of each log set are 
used to reduce the data after applying the temperature shift.
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Figure 1-2. Temperature-depth profiles collected between 1978 and 2007 from boreholes 
GC-1 (top), SI-1 (middle), and DM-1 (bottom). Plots are offset to avoid overlap. 
Temperature-depth profiles are averaged when multiple logs were collected during the 
same field campaign (Table 2). Also shown is the background thermal gradient (solid 
lines) determined from the data below 100 m.
repeated temperature logs cover a period of 29 years that corresponds to a thermal length 
of approximately 60 m. The choice of 100 m as the start of the fitting depth represents a 
trade-off between starting below recent climatic effects and using as much data as 
possible to obtain a robust gradient fit [Chisholm and Chapman, 1992]. The average 
surface temperature intercepts (Table 1-1) are appropriate for this geographic latitude, 
elevation, and climatic setting. Heat flow at the three sites computed as the product of 
the thermal gradient and thermal conductivity is 97, 96, and 95 mW m-2, appropriate for 
the Basin and Range tectonic setting [Chapman et al., 1978]. The observation that the 
thermal gradient and surface temperature intercept are consistent with the tectonic and 
geographic setting adds confidence that heat transfer at these sites is dominantly 
conductive.
The upper portion of each borehole (< 100 m) shows systematic departures from 
the background thermal regime and these departures change with time between 1978 and 
2007. To highlight these departures, we compute reduced temperature profiles for each 
log by removing the average thermal gradient and surface temperature intercept. By 
using the average thermal gradient and surface temperature intercept to compute reduced 
temperatures, each log is reduced to the same datum. Results are shown in Figure 1-3 
and the reducing parameters are tabulated in Table 1-1. The reduced temperatures plotted 
on an expanded scale display coherent patterns, as well as instrumental and geologic 
noise.
Several features of the reduced temperature logs merit discussion. In general, the 
bottom portion of each reduced temperature profile is relatively constant with near zero 
reduced temperatures indicating that the fitting depth starting at 100 m is appropriate.
13
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Figure 1-3. Reduced temperatures (dots) for boreholes GC-1 (top), SI-1 (middle), and 
DM-1 (bottom). Cyan lines show the previous log forward continued in time assuming a 
linear change in surface temperature. Red lines show synthetic transient temperature 
profile constructed from the associated meteorological station data: EPO for GC-1, 
Wendover for SI-1, and Deseret for DM-1.
Close inspection of the bottom third of reduced temperature profiles at GC-1 shows a 
conspicuous fine structure with an amplitude of approximately 0.03 °C and a 
characteristic length of 4 m. This scatter is also evident in the 1978 log, but at reduced 
resolution because of the 5 m measurement spacing. Similar but somewhat larger 
amplitude fine structure is observed in the reduced temperature logs for both SI-1 and 
DM-1. Chisholm and Chapman [1992] and Chapman and Harris [1993] postulated that 
the fine structure was caused by convective instabilities in the borehole, thermal 
conductivity changes, groundwater flow in either the borehole or the granite, or small 
depth offsets. Starting in 1992, multiple temperature logs at each borehole were collected 
during each field campaign to understand this structure better. If the variations were 
random in space or time, averaging and stacking logs should diminish these oscillations. 
Instead, the small temperature irregularities remained a persistent pattern demonstrating 
that they are stationary in time and space.
In 1993, after measuring the temperature logs at GC-1, we installed a small 
diameter pipe (2.54 cm ID) inside the casing and attached convective baffles to the 
outside of the inner pipe. The 1994 and subsequent logs show that the oscillations are 
greatly reduced, suggesting that the oscillations were the result of convection in the 
borehole. Harris and Chapman [2007] summarized several lines of evidence to suggest 
that the fluctuations were the result of stationary convection, and may be due to 
heterogeneities in the borehole diameter or less likely thermal properties of the rock that 
establishes any convection in space.
The second feature meriting discussion, and more salient to this paper, is the 
uppermost portion of each reduced temperature profile. At GC-1, reduced temperature
15
values are negative, indicating surface cooling relative to the background thermal regime 
prior to 1978. With time, the magnitudes of the reduced temperature become less 
negative, consistent with recent warming. In contrast to GC-1, reduced temperature 
profiles at SI-1 and DM-1 are positive in the upper reaches of the borehole and show 
similar changes over the 29-year time span between 1978 and 2007. At 20 m, the 
reduced temperature at both sites increases approximately 0.6° C during this period, from 
0.15° C to 0.75° C in the case of SI-1 and from 0° C to 0.65° C at DM-1. During this 
same period, the anomaly shifts downward by approximately 20 m from ~ 70 to ~ 90 m. 
The pattern of reduced temperatures at all three boreholes is consistent with ongoing and 
persistent surface warming.
To test if these patterns of reduced temperature are quantitatively consistent with 
surface temperature variations, we forward continue each log into the following log (cyan 
line, Figure 1-3). In this procedure, we use a Laplace transform on the current log and, in 
an iterative procedure, find the linear trend that produces the minimum misfit when this 
log is forward continued and compared to the following log [Harris and Chapman,
2005]. The Laplace transform uses the first log as the initial condition so that a reference 
temperature does not need to be used. In this manner, the 1978 log is forward continued 
into the 1990 log, the 1990 log is forward continued into the 1992 log, and so on. This 
forward continuation modifies the temperature observations according to the diffusion 
equation in two ways. High wavenumber variations are attenuated and because each 
linear change is positive, anomalous temperatures have greater magnitude at greater 
depths relative to the original profile. The assumption of a linear change in surface 
temperature is the most conservative scenario that incorporates a changing surface
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condition. In general, the fits at long wavenumbers are very good. It is interesting to 
note that the high wavenumber oscillations in the lower part of the reduced temperature 
profiles are effectively diffused away over periods of 1 and 2 years, for example, as 
shown by the 1990, 1992, and 1993 logs at GC-1 and their forward continuation, or the 
high wavenumber variations between approximately 40 and 60 m in borehole SI-1. 
Unfortunately, because in most cases logging starts at a depth of 20 m, below the 
penetration of the high amplitude annual wave, we do not have great sensitivity to the 
magnitudes of the linear trends and a range of trends fit the data equally well. However, 
all linear trends indicate ongoing surface warming. To explore sensitivity over the full 
time period of repeat logs, we forward continued the initial logs into the most recent logs 
to estimate the linear change in surface temperature. The amplitude of the temperature 
change computed from best-fit linear trends between 1978 and 2007 are 0.9, 0.7 and 0.7° 
C, at GC-1, SI-1 and DM-1, respectively (Table 1-3). The amplitude of each linear trend 
is the same within uncertainties consistent with their geographic settings and proximity. 
Sensitivity is improved and root mean square (RMS) misfits are 0.01, 0.03, and 0.03° C 
for boreholes GC-1, SI-1, and DM-1, respectively. The low RMS misfits suggests that 
the departures from the background thermal regime can be understood in terms of a 
changing surface temperature condition. The negative reduced temperatures at GC-1 are 
puzzling (Figure 1-3), but this analysis indicates that over the period for which we have 
repeated temperature logs, each borehole site shows the same magnitude of warming.




Table 1-3. Amplitude of temperature changes between 1978 and 2007.
Borehole Amplitude of Amplitude of








1Amplitude of linear trend that minimizes the misfit 
when the 1978 temperature profile is forward 
continued into the 2007 temperature profiles. See 
text for details.
2Amplitude of best fitting trend to SAT data 
between 1978 and 2007.
Uncertainties are 95% confidence limits.
To isolate subsurface temperature variability between 1978 and 2007 and to 
remove curvature due to steady state processes, we difference the repeated temperature 
profiles. Figure 1-4 shows differences between temperature logs for each site relative to 
the original 1978 log. At GC-1, the temperature difference plot for 1990 shows coherent 
but small negative temperatures between 25 and 70 m that are a maximum at 
approximately 40 m depth. While this anomaly is small, it is larger than the small 
fluctuations below 100 m and therefore likely significant. With time, this anomaly 
spreads out and attenuates so that by 2007 it is centered at a depth of approximately 70 m. 
Starting in approximately 2002 temperature differences above 30 m in GC-1 become 
positive and increase with time so that by 2007 positive reduced temperatures extend to a 
depth of approximately 50 m.
Residual temperature variability at SI-1 is considerably larger than at GC-1, 
particularly in the shallow part of the borehole (Figures 1-3 and 1-4). At SI-1 between 
1978 and 1990, changes in temperature are small and the fluctuations in the 1990 
difference profile may mostly reflect noise (Figure 1-4). At about 50 m depth, a high 
wavenumber negative anomaly appears both persistent and stationary in time. This is in 
the region of high amplitude variations in the reduced temperature profiles (Figure 1-3) 
and is likely due to convection. The sharpness of these anomalies indicates that it is 
probably not due to climatic variations, and indeed is attenuated in the forward 
continuation analysis. Small temporal variations in convection may be may be 
responsible for the persistence of this anomaly. Starting with the 1992 log, shallow 
temperature differences start to show a coherent trend toward positive values and by 2007 





















Figure 1-4. Temperature differences (circles) relative to the 1978 log. Model fits (red 
lines) are computed from the associated surface air temperature records, EPO for GC-1, 
Wendover for SI-1, and Deseret for DM-1.
warming. At DM-1, trends similar to those observed at SI-1 are present. These 
differences suggest a stable surface temperature between 1978 and 1992 at DM-1, but by 
1997, large temperature differences are present that grow in amplitude and depth through 
2007.
Surface Air Temperature Records 
To understand these transient borehole temperature variations more 
quantitatively, we now turn to meteorological data to test if the observed pattern of 
subsurface temperature changes are consistent with SAT records. Specifically, we use 
SAT time series as forcing functions at the ground surface and assess how well they can 
reproduce both the borehole observations of reduced temperature (Figure 1-3) and 
temperature differences (Figure 1-4).
SAT records reported in this study come from several sources. In the fall of 1993, 
a meteorological station next to borehole GC-1 (Figure 1-1) was established. 
Instrumentation and the first annual cycle of data are reported in Putnam and Chapman 
[1996]. Bartlett et al. [2006] analyzed the first decade of data and showed that most 
variability in shallow (0 to 1 m) ground temperatures could be explained by variations in 
solar insolation during the summer and the presence or absence of snow cover during 
winter months. For times prior to 1993 and to fill in data gaps, we use SAT data from 
U.S. Historical Climatology Network (USHCN) stations at Oakley, Idaho, 79 km to the 
north and Wendover, Nevada, 93 km to the south [Karl et al., 1990; Menne et al., 2009]. 
Meteorological stations comprising the USHCN have a relatively long temperature time 
series, a predominantly undisturbed environment around the site, and limited station
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relocations. Mean annual departures from these two SATs are conjoined with data from 
EPO based on weighted averages. Weights are estimated by comparing monthly USHCN 
data with monthly EPO data over the common period of overlap, 1994 through the 
present. The best fitting weights are 0.5 for both Oakley and Wendover, likely 
representing a combination of geographical influences and distance from the EPO site. 
The composite GC-1 site SAT record uses EPO data where present and the weighted 
average of data from Oakley and Wendover where EPO data are not present (Figure 1-5).
SAT data used with boreholes SI-1 and DM-1 are from USHCN network stations 
[Menne et al., 2009]. We compare subsurface temperatures at SI-1 with Wendover, a 
separation distance of 40 km; subsurface temperatures at DM-1 are compared with 
Deseret, a separation distance of 50 km. The temperature change amplitude calculated 
from the linear warming trends between 1978 and 2007 at EPO, Wendover, and Deseret 
are 1.1, 0.7 and 1.2° C, respectively, and can be directly compared with those obtained 
from boreholes (Table 1-3). Like the linear trends fit to the reduced temperature logs in 
the forward continuation analysis, these linear trends are also approximately the same.
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Temporal Changes in Subsurface Temperature 
For comparison purposes, we produce synthetic reduced temperature profiles for 
each site by assuming that the SAT time series represents the surface forcing function at 
each borehole. The SAT series is diffused into the Earth as a sequence of n individual 
step functions of amplitude ATi and time prior to the borehole temperature log, t ,










Figure 1-5. Annual mean surface air temperature (SAT) records for three sites. Data for 
Wendover and Deseret are drawn entirely from the US Historical Climatology Network 
used in this study. Data for Emigrant Pass Observatory include a weighted average of 
annual means from Oakley, ID, and Wendover, NV, from 1890 to 1993, and the on-site 





where the two unknowns are the pre-observational mean, POM, [Chisholm and 
Chapman, 1992], and the thermal diffusivity, a. The complementary error function is 
denoted by erfc. The POM is the initial condition corresponding to the long-term mean 
temperature and represents a weighted average surface temperature prior to the beginning 
of the meteorological data. In practice, it is determined by minimizing the misfit between 
the SAT record and the reduced temperature profile [Harris and Chapman, 2001]. Just 
as the reduced temperatures are defined relative to To, changes in SAT are defined 
relative to the POM .
Figure 1-3 shows synthetic borehole temperature profiles produced from SAT 
data for each reduced temperature log. In general, the fits are quite good with synthetic 
transients fitting both the magnitude and depth extent of reduced temperatures.
The POM  associated with the GC-1/EPO comparison is greater than the 1961­
1990 annual mean (Table 1-4) and this combination produces the negative reduced 
temperatures observed in the logs. By 1990, annual temperatures largely exceed the 
POM, but positive reduced temperatures are still not observed below 20 m, although 
there is strong evidence of warming temperatures in the upper portion of GC-1 by the late 
1990s, as shown in by the positive hook in reduced temperatures (Figure 1-3). The POM  
associated with the SI-1/Wendover comparison is almost half a degree below the 1961­
1990 mean temperature. This relatively low POM  produces the strong warming observed 
in the SI-1 model fits. Finally, the POM  associated with the DM-1/Deseret comparison is 
close to the 1961-1990 mean temperature and accounts for the relatively small reduced 








x 10-6 m2 s-1
RMS
°C
GC-1 0.33±0.05 0.27±0.06 0.008
SI-1 -0.44±0.03 1.03±0.67 0.008
DM-1 0.08±0.05 1.66±0.67 0.011
POM  is the pre-observation mean and a  is the thermal 
diffusivity. Uncertainties are 95% confidence limits. 
The POM  is relative to the 1961 -  1990 mean 
temperature.
It is interesting to note discrepancies between the synthetic and observed transient 
temperatures. At GC-1, discrepancies are present in the 2004, 2005, and 2007 
comparisons (Figure 1-3). Synthetic profiles show a cooling ‘bulge’ that is associated 
with the generally low temperatures between approximately 1960 and 1980 at EPO 
(Figure 1-5). This feature is not very well captured by the reduced temperatures, 
although the forward diffusion model with linear surface temperature change does 
reproduce it well (Figure 1-3), as do the temperature differences (Figure 1-4). This 
discrepancy does not seem to be correlated with either snow or rain events, factors not 
taken into account with our simple model. It is possible that subtle changes in 
micrometeorological variables at the site may account for this discrepancy at GC-1. At 
SI-1 starting in 1990, the shallow portion of the synthetic profile is warmer than the 
reduced temperature. With time, the reduced temperatures become more positive than 
the synthetic, suggesting that the ground at SI-1 is warming more quickly than the SAT 
data at Wendover. At DM-1, the synthetic profile fits the reduced temperature profile 
general shape extremely well at long wavelengths but does not fit short wavelength 
fluctuations particularly well. Part of these misfits may be due to steady-state curvature 
in the reduced temperature profiles not related to surface temperature change.
The temperature difference logs (Figure 1-4) avoid complications from steady- 
state processes or effects that cause curvature in temperature-depth profiles. We produce 
synthetic difference profiles from SAT data by computing diffused versions of the 
forcing function between 1978 and successive logging times in a single step using,
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where the terms in the first bracket refer to the 1978 log and terms in the second bracket 
refer to the second log. We explicitly show this equation to emphasize that while each 
temperature difference (ATt)  prior to 1978 is the same, the weights change slightly 
because of the difference in time prior to the respective logs, either t1 or T2. At GC-1 
and SI-1, the modeled differences show a monotonic warming trend consistent with 
general warming trends in the SAT forcing function relative to the 1961-1990 mean 
temperatures (Figure 1-4). At Deseret, there is a sharp step in warming at about 1995 and 
this is manifested in the modeled difference as a strong warming trend. These plots show 
that in general, ground temperatures at GC-1 and DM-1 between 1978 and 2007 have 
kept pace with warming at their associated surface air temperature sites, while ground 
temperatures at SI-1 appear to be warming more quickly than those at Wendover.
Finally, we investigate the sensitivity of our solutions to the two free parameters 
POM  and a. Figure 1-6 panels a-c show the RMS misfit comparisons between reduced 
temperature (Figure 1-3) at each borehole, GC-1, SI-1, and DM-1 and the synthetic 
profile computed from its associated SAT record; Figure 1-6 panels d-f show results for 
the temperature difference plots (Figure 1-4) and the synthetic profile differences. In all 
cases, the models fit the data within an RMS value of 0.02 °C. In general, the fits are 





Figure 1-6. Model sensitivity. Panels a-c show RMS misfits between reduced 
temperature profiles and synthetic temperature profiles calculated from SAT data using 
Equation 2; panels d-f show RMS misfits between temperature difference profiles and 
synthetic differences calculated from SAT data using Equation 3. The contour interval is 
0.04° C and the inner contour is 0.02 in all six panels. The red contour indicates the 95% 
confidence interval. Panels g-i show the sensitivity of the model fit between the reduced 
temperatures and the SAT data to the trend of the SAT data over the entire time series 
(dashed line) and between 1978 and 2007 (solid line). Panels j-l show the sensitivity of 
the model fit between the difference profiles and the SAT data to the trend of the SAT 
data between 1978 and 2007.
The optimum thermal diffusivity at SI-1 and DM-1 are close to 1 x 10-6 m2 s-1, a default 
value in many geothermal studies of climate change. At GC-1, the best fitting thermal 
diffusivity is 0.3 x 10-6 m2 s-1. Bartlett et al. [2006] estimated the thermal diffusivity at 
GC-1 based on daily temperature series at depth of 0.1 and 1.0 m between 1993 and 
2004. They found that the best fitting daily mean thermal diffusivity had a range of
0.78—0.96 x 10-6 m2 s-1 with a mean value of 0.88 x 10-6 m2 s-1. Our lower value may be 
due to a slight depth dependence of thermal diffusivity or surface processes not 
accounted for in the simple diffusion model [Pollack et al., 2005]. Further, the increased 
sensitivity of the thermal diffusivity at GC-1 is likely due to the intermediate 
wavenumber hook in the shallow subsurface starting about 2002. This added structure 
increases the sensitivity of the model to the thermal diffusivity.
We show the sensitivity of the reduced temperature profiles to the linear trend in 
the SAT data by varying the trend of the SAT data over the entire period (Figure 1-6 g-i). 
The RMS misfit diagrams indicate 1) that the minimum misfit corresponds to the true 
SAT amplitude at the 95% confidence level (Table 1-5), and 2) good sensitivity to the 
longest wavelength trend in the SAT series. Both of these observations are consistent 
with good coupling between air and ground temperatures. The solid lines in Figure 1-6 
g-i show the sensitivity of the SAT time series to its linear trend over the 29-year period 
for which we have repeated temperature profiles. Using a limited SAT period 
significantly decreases the sensitivity of the SAT record to the reduced temperature 
profiles.
Differencing the synthetic transients generated with the SAT records (Equation 1­
5) decreases the sensitivity to the POM  and thermal diffusivity (Figure 1-6 d-f) and
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Table 1-5. Amplitude of the best-fitting SAT trend.
Borehole Reduced 
Temperature 










GC-1 -0.03±0.14 -0.01±0.87 0.35±0.39
SI-1 -0.02±0.08 0.05±0.31 0.10±0.16
DM-1 0.04±0.09 0.19±0.24 0.09±0.12
Values are reported relative to century-long trends such that 0° C 
is equal to the true trend in the SAT series. Uncertainties are 
95% confidence limits.
increases the sensitivity to the SAT forcing function (Figure 1-6 j-l) relative to the 
reduced temperature (solid lines, Figure 1-6 g-i). In this case, we are comparing SAT 
trends between 1978 and 2007 to temperature differences logged between 1978 and 2007. 
For our set of repeated logs, this time interval is the one in which we have greatest 
sensitivity. For the 1978-2007 time period, the minimum RMS misfits associated with 
the differenced logs (Figure 1-6 j-l) are slightly larger than for the reduced temperature 
profiles, but this should not be surprising since these misfits are based on differences. 
These panels show good sensitivity to the trend during this time interval. In general, the 
change in best fitting SAT trends are somewhat greater than 0° C at the 95% confidence 
level, suggesting that the differenced profiles indicate slightly greater warming than the 
SAT records over this time period (Table 1-5).
Discussion
Repeated temperature logs in northwestern Utah demonstrate significant ground 
warming over a 29-year time period. The three borehole sites show similar warming 
trends over the 29-year time period, as do the SAT data. Linear warming trends between 
the boreholes and the meteorological sites are in good agreement (Table 1-3) and 
qualitatively suggest coupling. The advantage of repeated temperature logs is the ability 
to isolate temperature transients within the borehole temperature logs that removes 
curvature due to steady state processes. A second advantage is increasing sensitivity to 
SAT records in model fits that provides a more stringent test of ground and air 
temperature coupling by decreasing sensitivity to the free parameters, the POM  and 
thermal diffusivity.
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While model fits between air and ground temperatures are not perfect, they are 
quite good given the: 1) distances between boreholes and meteorological stations, 2) 
differences of heat transfer in the two systems, convective and radiative in the 
atmosphere and conductive in the subsurface, 3) complexities of processes at the ground 
surface, and 4) simplicity of our model (Equation 1-2 and 1-3) that cast comparisons in 
terms of temperature only. Between 1978 and 2007, these models explain 79, 89, and 
95% of the variance for GC-1, SI-1, and DM-1, respectively. Part of the reason for the 
success of this model is that the ground acts as a low pass filter attenuating high 
frequency processes that may be perturbing the relationship between air and ground 
temperatures. Another reason for the apparently good fits may be the dry desert 
conditions that characterize these sites with little annual precipitation.
It is interesting to note that the greatest misfit occurs at GC-1 where the borehole 
and meteorological station are collocated. Because linear trends from GC-1 are similar to 
those from SI-1 and DM-1, we can rule out anomalous warming at GC-1. Additionally, 
noise in the borehole temperature measurements at GC-1 is smaller than at SI-1 and DM-
1. We attribute the relatively larger misfits between GC-1 and EPO to 
microclimatological effects that may be due to its location near the northeast edge of the 
Great Salt Lake. These micrometeorological effects prompted us to install EPO in 1993 
and are the subject of ongoing studies.
Repeated temperature logging studies such as this should be expanded to a greater 
diversity of geographic settings to explore the impact of other processes such as the latent 
heat of freezing and thawing, and evapotranspiration. These studies could also benefit
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from a full description of the energy balance at the land surface over decade and longer 
time scales.
Conclusions
Measurement and analysis of repeat temperature-depth logs from three boreholes 
in northwest Utah lead to the following conclusions:
1) Temperature measurements at boreholes GC-1, SI-1, and DM-1 made over a 
29-year time span provide observational constraints for understanding the relationship 
between ground and air temperatures. Over the period of observation, both ground and 
air temperatures are warming.
2) Synthetic temperature profiles calculated from nearby SAT records closely fit 
observed temperature-depth profiles measured between 1978 and 2007 by matching both 
the amplitude and pattern of subsurface transient changes. A comparison with forward 
continued ground temperatures indicates that the observed profiles can be understood in 
terms of a changing surface temperature.
3) Differences between temperature logs isolate transient variations in ground 
temperature that can be ascribed to changes in GST.
4) Our direct observation of transient temperatures in boreholes, and comparisons 
between repeated temperature-depth profiles and SAT records, offer strong support for 
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CHAPTER 2
SUBSURFACE THERMAL AND HYDROLOGICAL CHANGES 
BETWEEN A FORESTED AND A CLEAR-CUT SITE 
IN THE OREGON CASCADES
Abstract
We report a comparison of temperature and related observations between a set of 
paired meteorological stations at the Soapgrass Mountain site, Santiam Pass, Cascades 
Mountains, Oregon, USA. This site contains two separate meteorological towers; one 
under the old-growth coniferous forest canopy and the other in a nearby opening or clear- 
cut. The open area has warmer air and soil temperatures and receives greater amounts of 
incoming radiation. These conditions are contrasted with the muted conditions under the 
forest canopy. A comparison of the sites shows that between 2000 and 2004, differences 
in air temperature decrease from 1.7 °C to 1.1 °C. Ground temperature differences are 
nearly cut in half in the leaf litter from 2.8 °C to 1.5 °C over the same time period. We 
link this change directly to the change in incoming radiation, with an observed decrease 
from 295 |imol m-2 sec-1 to 233 |imol m-2 sec-1, that is a result of the forest regrowth at 
the open area site. Subsurface temperatures are reproducible at the open area site using 
the Noah land surface model, but larger discrepancies exist at the mature forest site. At
the mature forest site, the incoming solar radiation is too low to reproduce the 
observations using the Noah land surface model. Using the incoming solar radiation 
from the open area allows for much better agreement between the Noah model results and 
the observations.
Introduction
Interactions between the main components of the climate system that include the 
atmosphere, hydrosphere, cryosphere, lithosphere, and biosphere produce the surface 
conditions in which we live. Of particular importance are the magnitude and variation in 
the fluxes of energy and water. These flux variations are dependent on the energy the 
Earth receives from the Sun, and vary on time scales ranging from daily, yearly, and 
longer cycles.
At the boundary between the ground and the atmosphere, the flux of energy is 
largely due to variations in surface air temperature. These variations in surface air 
temperature can be correlated with subsurface temperatures [e.g., Lachenbruch and 
Marshall, 1986; Putnam and Chapman, 1996]. The analysis of subsurface temperature 
variations can be understood through the physics of heat diffusion [e.g., Carslaw and 
Jaeger, 1959; Turcotte and Schubert, 2002] and therefore is unique among the methods 
used to reconstruct paleotemperature [Bradley, 1999; National Research Council, 2006]. 
As such, subsurface temperatures are a rich source of information about how ground 
temperatures have changed in the past as well as the energy balance at the boundary layer 
between Earth’s surface and the atmosphere [e.g., Beltrami, 2002].
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Modeling studies suggest that variations in precipitation can have an important 
influence on variations in ground temperatures [Lin et a l, 2003; Pollack et a l, 2005; 
Zhang et a l, 2005] while observatory based data tend to show this effect is of modest 
importance [Bartlett et a l, 2004, 2005; Smerdon et a l, 2003]. The Oregon Cascades are 
a locality where these studies can be tested, since topographic uplifting of moisture-laden 
air from the Pacific results in rain events that are of long duration and low intensity 
[Bierlmaier and McKee, 1989].
The Pacific Northwest is a climatically sensitive area where continued warming is 
predicted to induce a switch from a snow-dominated to a rain-dominated winter 
precipitation regime [Mote et a l, 2005; Stoelinga et a l, 2010] with a likely impact on the 
subsurface thermal regime. Additionally, the impact of land cover change through 
deforestation on this system is poorly known but is likely to amplify subsurface warming 
[Nitoiu and Beltrami, 2005]. In this study, we use existing meteorological data in the 
Cascades of Oregon first to understand, document, and compare the differences between 
closely paired stations of differing land cover, and second, to test and evaluate a widely 
used Land Surface Model (LSM) against the observations collected from geographically 
close, yet strongly differing in land cover, sites.
Data come from one paired meteorological site established in 1998 by the 
Environmental Protection Agency. Meteorological data include air temperature, 
humidity, wind speed and direction, short wave incoming radiation, snow depth, and 
precipitation; soil data consist of ground temperature and soil moisture. The 
meteorological data at the site were used as the atmospheric forcing to drive the Noah 
LSM [Mahrt and Pan, 1984; Pan andMahrt, 1987; Chen et a l, 1996; Chen and Dudhia,
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2001a; Ek et a l, 2003]. The Noah LSM grew out of joint efforts between the National 
Centers for Environmental Prediction, Oregon State University, the Air Force Weather 
Agency, and the Hydrologic Research Laboratory and is a multilayer soil and vegetation 
model that can be used in either “coupled” or “offline” modes. In coupled mode, the 
Noah LSM (and other LSMs) is used to describe the surface properties, along with the 
fluxes of heat, moisture, and momentum, that are used as the lower boundary conditions 
in numerical weather prediction (NWP) models such as the Weather Research and 
Forecasting (WRF) Model [Skamarock et a l, 2005; 2008] or the Mesoscale Meteorology 
(MM5) Model [Dudhia, 1993; Chen andDudhia, 2001b]. In offline mode, the Noah 
LSM is used as a stand-alone, one-dimensional column with near-surface atmospheric 
data providing the forcing input for the model to examine single-site land-surface 
simulations. The Noah LSM is known to be both robust and successful in semiarid 
climate regions such as the U.S. Great Plains in both Kansas and Nebraska [Chen et a l, 
1996; Evans et a l, 2005; Radell and Rowe, 2008] and Southwest in southeastern Arizona 
[Hogue et a l, 2005], but has known shortcomings in mountainous regions where 
precipitation comes largely in the form of snow [Sheffield et al., 2003; Barlage et al., 
2010].
Our key for understanding water and energy fluxes across the land surface 
interface at the Soapgrass Mountain site is to concentrate on the differences and 
similarities between the open and closed canopy sites. Questions we address include: 1) 
What is the impact of differences in incoming short wave radiation, particularly during 
summer months, between forested and cleared sites on ground temperature and soil 
moisture at each site? 2) How does the pattern of snow accumulation and ablation differ
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between cleared and forested sites and what is the impact on soil moisture and ground 
temperature? 3) What is the impact of precipitation on ground temperature and soil 
moisture? 4) By comparing forested and open sites, how will continued warming and 
land cover change affect subsurface temperatures? 5) Does the Noah LSM accurately 
predict subsurface temperatures and soil moisture conditions?
Field Site
The field site at Soapgrass Mountain was established by the Environmental 
Protection Agency in 1998 in an effort to provide data for and to test performance of a 
biogeochemical model to understand plant growth and its relation to meteorological 
conditions [Beedlow et al., 2007]. This paired site is located on the western slope of the 
Cascade Mountains in central Oregon (Figure 2-1; 44.346 °N, 122.290 °W). The 
elevation is 1190 m for the forested site and 1206 m for the open site. The two sites are a 
distance of 0.38 km apart and part of a larger network that represents a wide range of 
temperature, precipitation, soil properties, and plant productivity. Each site in the 
network established a pair of metrological towers with one of the pairs being under the 
forest canopy and the other in a nearby opening or clear-cut area (Figure 2-2). The site 
within the forest provides information on the weather and soil conditions under the 
canopy and provides the best estimate of the influence of the canopy on soil moisture and 
soil temperature. The site in the opening or clear-cut provides the best estimate on the 
overall weather conditions for the area and provides data on the soil temperature and 
moisture conditions not influenced by the forest canopy. These open area observations 


























Figure 2-1. Site location of the paired meteorological stations at Soapgrass Mountain in 
the Cascade Mountains, Oregon, USA. Background map colors represent elevation 
above sea level (meters).
43
Figure 2-2. Photographs of the Soapgrass Mountain site showing the contrast between the 
open (top) and closed (bottom) canopy locations.
forest canopy for the mature forest area. In the selection of the open or clear-cut site 
metrological towers, the objective was to select a nearby site that was similar in both 
elevation and aspect to the forested site and was large enough so that the tower was not 
shaded or affected by the surrounding vegetation.
The same basic weather and soil monitoring sensors were installed at each site 
and are listed in Table 2-1. The instrument package at each site measures air 
temperature, humidity, wind speed, photosynthetically active radiation (PAR), 
precipitation, snow depth, soil temperature, and soil moisture. Soil temperature and 
volumetric soil moisture are measured at several depths (Table 2-1). There are 
occasional gaps in the data due to equipment failure or to offsets in timing due to 
instrumentation installation.
Site Descriptions
Soapgrass Mountain Open Area (SMOA). Average daily air temperature at the 
SMOA (Figure 2-3a) site ranges between a minimum of -5.5 °C in 2002 and a maximum 
of 25.7 °C in the year 2004. A spread of approximately 20 °C between the maximum and 
minimum daily average air temperature is fairly consistent throughout the time period of 
our observations. The annual average air temperature varied between 7.7 °C in the year 
2000 and 8.4 °C in the year 2003 (Table 2-2).
The annual average relative humidity at the SMOA during our observational 
period is between 72.7 and 77.4% (Table 2-2), with an average daily minimum of 11.3% 
and a maximum of 100% (Figure 2-3b). The precipitation averaged between 3.9 and 5.4
44
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Photosynthetically Active Radiation (PAR) |imol m -2 sec-1
Precipitation mm hr-1
Wind speed m sec-1
Snow depth cm
Belowground Sensors
Soil temperature @ litter, 5, 15, 30 cm °C
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Figure 2-3. Meteorological and subsurface data observed at the Soapgrass Mountain 
Open Area (SMOA). a) Air temperature. b) Relative humidity. c) Photosynthetically 
active radiation. d) Precipitation. e) Snow depth. f) Wind speed. g) Soil temperature 
(blue is the litter temperature, red is 5 cm, green is 15 cm, and black is 30 cm. h) Soil 
moisture (blue is surface soil moisture, red is 0-20 cm, green is 20-40 cm, and black is 
40-60 cm).
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Table 2-2. Annual averages of meteorological and subsurface data at the Soapgrass
Mountain Open Area.
Units 2 0 0 0 2 0 0 1 2 0 0 2 2003 2004
Air Temperature °C 7.7 7.9 7.9 8.4 8.3
Relative Humidity % 76.2 75.9 72.7 74.8 77.4
PAR |imol m -2 sec-1 304.1 307.4 288.6 249.4 239.6
Rain mm day-1 4.4 4.5 3.9 5.4 5.1
Snow Depth cm 37.0 18.1 66.3 19.3 45.8
Wind Speed m sec-1 1 . 2 1 . 1 1 . 1 0.9 0.9
Ground
Temperature
Litter °C 8.3 8 . 8 7.9 8 . 1 7.8
5 cm °C 8 . 1 8.7 7.8 8 . 2 7.8
15 cm °C 7.8 8.4 7.5 7.9 7.6
30 cm °C 7.4 8 . 1 7.2 7.7 7.5
Soil Moisture 
Surface % 2 2 . 8 22.4 2 1 . 2 2 0 . 8 22.7
0 - 2 0  cm % 19.9 2 0 . 1 18.7 16.9 18.3
20-40 cm % 15.7 15.8 15.5 15.7 17.2
40-60 cm % 20.3 2 0 . 6 2 0 . 0 19.9 22.3
mm per day (Table 2-2), with a daily range between 0 mm to 92 mm per day (Figure 2­
3d). Little to no rain occurred from June through August in all years. This time 
corresponds with the highest ground temperatures and the lowest soil moisture and 
relative humidity. Soil moisture varied between 7 and 35% of saturation on a daily basis 
(Figure 2-3h), with an annual average at the surface between 20.8 and 22.8% (Table 2-2). 
Soil moisture is positively correlated with precipitation events (Figure 2-4a).
Interestingly, the soil moisture in the depth range of 20-40 cm was consistently lower 
than that measured from 40-60 cm (Table 2-2).
PAR at the SMOA slowly increases from winter through spring until the summer 
when it dramatically rises before falling again into the winter (Figure 2-3c). The 
maximum of the PAR occurs when the precipitation is at a minimum, relative humidity is 
generally lower, and the air temperature is highest (Figure 2-3). During the summer, 
more solar radiation is able to get to the ground than in the remainder of the year when 
days are more likely to be wet and overcast. Over the course of our observation (2000 -  
2004), daily maximum PAR can be seen to decrease (Figure 2-3c) from ~820 ^mol m -2 s"
1 in 2000 to ~650 ^mol m -2 s-1 in 2004. Annual averages of PAR also decrease over this 
time period from 304 ^mol m -2 s-1 in 2000 to ~240 ^mol m -2 s-1 in 2004 (Table 2-2).
This can be directly related to the regrowth of vegetation at the site over this time.
Wind speed at SMOA averages 1.2 m s-1 with gusts up to 5.9 m s-1 (Figure 2-3f). 
Further, as with PAR, annual average wind speed shows a slight decrease over the time 
of our observations from 1.2 to 0.9 m s-1 (Table 2-2).
Precipitation at SMOA only occurred when the air temperature was between -2 to 


























Figure 2-4. Soil moisture (blue is surface soil moisture, red is 0-20 cm, green is 20-40 
cm, and black is 40-60 cm) and precipitation (magenta) observed at a) the Soapgrass 









maximum of 214 cm occurred in 2002, with most years having only a few days of more 
than 100 cm of snow (Figure 2-3e). Snow remained at the site until late March or early 
April, and was present at air temperatures up to 15 °C. While snow was on the ground, 
ground temperatures remained just above freezing. After the loss of snow, ground 
temperatures were observed to increase. The increase and subsequent change in ground 
temperatures followed changes in the air temperature, albeit attenuated and lagged as 
expected from the diffusive process.
Average ground temperatures were observed to decrease from the leaf litter to a 
depth of 30 cm in all years except for 2003 (Table 2-2). The range of temperatures also 
decreased in each depth interval from 0 to 25 °C in the litter to 0.3 to 16.3 °C at 30 cm 
(Figure 2-3g). The temperature range in the litter was less than that measured in the air 
temperature, and also had a lower maximum temperature than was measured in the air. 
Initially, the average ground temperature in the upper 15 cm was greater than the average 
air temperature; however, beginning in 2 0 0 2 , the average air temperature was higher than 
the ground temperature (Table 2-2). This reversal corresponds to a slight decrease in the 
amplitude of the ground temperatures over our observational time period, which we 
attribute to be caused by the decrease in PAR.
Soapgrass Mountain Mature Forest (SMMF). The average daily air temperature 
at the SMMF (Figure 2-5a) ranges between -6.3 and 24.7 °C. Overall, the minimum 
temperature measured -8.3 °C while the maximum temperature was 30.5 °C. The annual 




Figure 2-5. Meteorological and subsurface data observed at the Soapgrass Mountain 
Mature Forest (SMMF). a) Air temperature. b) Relative humidity. c) Photosynthetically 
active radiation. d) Precipitation. e) Snow depth. f) Wind speed. g) Soil temperature 
(blue is the litter temperature, red is 5 cm, green is 15 cm, and black is 30 cm. h) Soil 
moisture (blue is surface soil moisture, red is 0-20 cm, green is 20-40 cm, and black is 
40-60 cm).
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Table 2-3. Annual averages of meteorological and subsurface data at the Soapgrass
Mountain Mature Forest.
Units 2 0 0 0 2 0 0 1 2 0 0 2 2003 2004
Air Temperature °C 6 . 0 6 . 8 6 . 6 7.2 7.2
Relative Humidity % 83.7 82.1 79.4 81.3 82.6
PAR |imol m -2 sec-1 7.1 7.1 5.6 6.9 6.3
Rain mm day-1 4.4 4.3 2.5 4.3 3.8
Snow Depth cm 17.5 6 . 2 37.3 10.7 14.4
Wind Speed m sec-1 0 . 8 0 . 8 0 . 8 0 . 8 0 . 8
Ground
Temperature
Litter °C 5.5 6 . 1 5.6 6.3 6.4
5 cm °C 5.5 6 . 2 5.6 6.3 6.5
15 cm °C 5.3 6 . 0 5.4 6 . 0 6 . 1
30 cm °C 5.1 6 . 0 5.5 6.3 6 . 8
Soil Moisture 
Surface % 16.2 13.4 15.6 12.3 15.6
0 - 2 0  cm % 28.2 26.4 25.6 23.7 25.7
20-40 cm % 30.3 29.1 28.8 27.2 29.9
40-60 cm % 34.1 33.4 32.4 31.0 35.1
The annual average relative humidity at the SMMF was between 79.4 and 83.6% 
(Table 2-3), with a daily average minimum of 18.9% and a maximum of 100% (Figure 2- 
5b). Relative humidity minimums correspond with high air temperatures in the summer 
(Figure 2-5b).
Shade from trees in the SMMF accounts for little to no PAR measured at the 
surface with a daily average maximum of only 34.1 ^mol m -2 s-1 measured at the site 
(Figure 2-5c) and annual averages ranging between 5.6 and 7.1 ^mol m -2 s-1 (Table 2-3). 
Hence, the tall trees absorb the majority of the incoming PAR and little can be utilized by 
vegetation at the ground level (Figure 2-2).
Precipitation at the SMMF was between 0 and 97.9 mm a day (Figure 2-5d) while 
the annual average was between 2.5 and 4.3 mm a day (Table 2-3). Maximum snow 
depth of over 150 cm occurred in 2002, but most years, the high was well below 100 cm 
(Figure 2-5e).
Wind speed in the SMMF was never very high due to the trees, with a daily 
average maximum of 2.1 m s-1 (Figure 2-5f) and annual averages less than 0.8 m s-1 
(Table 2-3). Wind speeds were generally higher during the winter (Figure 2-5f).
Ground temperatures at SMMF remained near zero while snow was on the 
ground, and then followed the pattern seen in the air temperature but with attenuated 
amplitudes and a phase lag (Figure 2-5g). The average annual SMMF air temperature 
was higher than the average ground temperature measured at all depths by between 0.4 to 
1.2 °C (Figure 2-5g; Table 2-3). The range of ground temperatures decreased with depth 
from a low of 0 °C to a high of 17.2 °C in the litter and from 0.5 °C to 14.1 °C at a depth 
o f 30 cm.
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Soil moisture at SMMF increase with depth for all years during our observations 
from an average as low as 12.3% at the surface to 28.2% to as high as 35.1% from 40-60 
cm (Figure 2-5h; Table 2-3). Soil moisture increases are observed to follow precipitation 
events (Figure 2-4b). Further, several spikes in the soil moisture are observed in the 
winter beginning in 2 0 0 2  and are perhaps associated with heavy precipitation, rapid 
snowmelt, and infiltration. Oddly, the spikes are only seen in the bulk soil moisture 
observations and not in the surface measurement. In general, the ground temperatures are 
insulated by snow on the ground during these soil moisture spikes (Figure 2-5g and 2- 
5h), but during the winter of 2003, the soil temperature was almost 7 °C just after a large 
(>50 mm) precipitation event that resulted in a spike in soil moisture as high as 87.4% 
between 20-40 cm depth (Figure 2-6). Soil moisture levels return quickly to background 
levels after the heavy precipitation (Figure 2-6).
Comparison of Soapgrass Mountain sites. A comparison between the open area 
and the mature forest is made in Figure 2-7 (and Table 2-4) by plotting the difference 
(SMOA -  SMMF) for eight parameters over the five-year recording period. Air 
temperature at Soapgrass Mountain is initially 1.7 °C warmer in the open area, but the 
difference decreases to 1.1 °C (Figure 2-7a; Table 2-4). The warmer open area air 
temperatures are largely due to the differences between the cooling provided by the large, 
mature trees in the SMMF. Humidity levels in the open area rarely exceed humidity in 
the mature forest, and are lower in the open area by 7.2% in 2000, although it is not 
constant throughout the year (Figure 2-7b). The relative humidity difference decreases to 
only 5.2% by 2004 (Table 2-4). The difference in PAR measured at the two sites is
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Figure 2-6. Precipitation, temperatures, and soil moisture at the Soapgrass Mountain 
Mature Forest associate with a heavy precipitation event in 2003. a) Precipitation (red), 
air temperature (green), and litter temperature (blue) at the Soapgrass Mountain Mature 
Forest near the beginning of 2003. b) Soil moisture rise associated with the heavy 
precipitation event. Soil moisture (blue is surface soil moisture, red is 0-20 cm, green is 
20-40 cm, and black is 40-60 cm) is observed to rise quickly for all of the subsurface 
layers. Tick marks represent approximately 3.6 days.
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Figure 2-7. Differences of meteorological and subsurface data between the Soapgrass 
Mountain Open Area and Mature Forest. a) Air temperature. b) Relative humidity. c) 
Photosynthetically active radiation. d) Precipitation. e) Snow depth. f) Wind speed. g) 
Soil temperature (where blue is the litter temperature, red is 5 cm, green is 15 cm, and 
black is 30 cm. h) Soil moisture (where blue is surface soil moisture, red is 0-20 cm, 
green is 20-40 cm, and black is 40-60 cm).
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Table 2-4. Differences between meteorological and subsurface observations at Soapgrass
Mountain Open Area and Mature Forest (SMOA -  SMMF).
Units 2 0 0 0 2 0 0 1 2 0 0 2 2003 2004
Air Temperature °C 1.7 1 . 1 1.3 1 . 2 1 . 1
Relative Humidity % -7.2 -6 . 2 -6.7 -6.5 -5.2
PAR |imol m -2 sec-1 294.5 300.2 283.0 242.6 233.3
Rain mm day-1 0 . 0 0 . 2 1.4 1 . 1 1 . 2
Snow Depth cm 48.7 8.7 29.5 8 . 6 33.0
Wind Speed m sec-1 0.4 0.4 0.3 0 . 2 0 . 1
Ground
Temperature
Litter °C 2 . 8 2.7 2.3 1 . 8 1.5
5 cm °C 2 . 6 2.5 2 . 2 1.9 1.3
15 cm °C 2.5 2.4 2 . 0 1.9 1.5
30 cm °C 2.3 2 . 1 1.7 1.4 0.7
Soil Moisture 
Surface % 6.4 9.0 5.6 8.5 7.1
0 - 2 0  cm % -8.4 -6.3 -6 . 8 -6.9 -7.4
20-40 cm % -14.6 -13.3 -13.3 -11.5 -12.7
40-60 cm % -13.9 -12.7 -12.5 - 1 1 . 2 - 1 2 . 8
nearly identical to the PAR measured at SMOA, since the canopy absorbs nearly all of 
the PAR before reaching the ground in the SMMF (Figure 2-7c; Table 2-4).
Over the course of the year 2000, the average difference in precipitation between 
SMOA and SMMF is nearly zero, although there are large differences in individual 
precipitation events. These differences are primarily during the early portion of the year. 
For subsequent years, the open area site receives slightly more rain per day (Figure 2-7d; 
Table 2-4). Snow depth in the open area exceeded that in mature forest each year by up 
to 100 cm (Figure 2-7e), although the snow remained on the ground in the SMMF after 
the snow was gone from the SMOA. For example, in 2002, the snow remained on the 
ground about 11 days longer in the mature forest (Figure 2-8a). Air temperatures in the 
SMMF during this additional week were lower than the air temperature at SMOA (Figure
2-8b). Litter temperatures at SMMF are observed to be consistent with snow cover 
(Figure 2-8b), but at SMOA, the ground temperatures warm sooner than would be 
expected with snow cover. This is most likely due to snow cover above the ground 
temperature sensors melting earlier than below the snow depth sensor.
Wind speeds were 0.4 m s-1 faster in the SMOA than in the SMMF in the year 
2000 (Figure 2-7f; Table 2-4), as the forest acts as a barrier to sustained wind. However, 
over the course of observations, the difference in wind velocity decreases down to 0 . 1  m 
s-1 as the vegetation growth at the open area begins to block wind (Table 2-4).
Ground temperatures were warmer in the SMOA at all times throughout the year 
with the exception of the winter when snow was on the ground (Figure 2-7g). During 
this time, ground temperatures at both sites were essentially the same because the snow 
insulated the ground to just above freezing. However, once the snow melted, the SMOA
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Figure 2-8. Snow depth and temperature change for SMOA and SMMF in 2002. a) Snow 
depth in early 2002 for SMOA (blue) and SMMF (red). b) Air (dashed) and litter (solid) 
temperatures at SMOA (blue) and SMMF (red). Tick marks represent approximately 3.6 
days.
ground temperatures rapidly warmed at a greater rate than at SMMF (Figure 2-8).
Summer ground temperatures were initially around 5 °C warmer at SMOA in 2000 
(Figure 2-7g), although this temperature difference decreased between 2000 and 2004 as 
the open area experienced vegetation regrowth (Figure 2-7g; Table 2-4). Further, the 
temperature difference decreased at all depths over the course of observation (Table 2-4).
Soil moisture differences were generally small throughout the year (Figure 2-7h; 
Table 2-4). The most significant difference was that the surface at the SMOA site was 
between 5.6 and 9% more saturated, but that the subsurface was wetter at SMMF by 6.3 
to 14.6% (Table 2-4). Also, surface soil moisture differences were highest in the winter 
but reduced in the summer (Figure 2-7h).
Land Surface Modeling 
We used the public release version 2.7.1 of the Noah LSM [Ek et al, 2003] that is 
an uncoupled, 1-D column model that can be used to perform single-site land-surface 
simulations. Using near-surface atmospheric data as input forcing, Noah simulates the 
soil moisture, soil temperature, skin temperature, snowpack depth, snowpack water 
equivalent, canopy water content, and the energy flux and water flux terms of the surface 
energy balance and surface water balance. The atmospheric data necessary for Noah 
include wind speed, air temperature, relative humidity, precipitation, barometric pressure, 
and incoming solar and longwave radiation. The stations at the Soapgrass Mountain site 
measure the first four variables. Barometric pressure was measured at Falls Creek, a site 
about 8  km away and 660 m lower than Soapgrass Mountain. Although not ideal due to
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the difference in elevation, we use the Falls Creek pressure data for the pressure input at 
the Soapgrass Mountain site.
Incoming solar radiation is measured as photosynthetically active radiation 
(PAR). PAR is the measure of solar radiation in the range between 400 and 700 
nanometers that is necessary for photosynthesis in plants. The Noah LSM requires solar 
radiation to be in the form of solar irradiance [W m-2], while PAR is in the form of 
number of photons [^mol m -2 s-1]. Therefore, it is necessary to use PAR to estimate the 
solar irradiance. Unfortunately, no definitive relationship between solar irradiance and 
PAR exists [e.g., Udo andAro, 1999, and references therein], but conservative estimates 
indicate that the ratio of ~0.46 -  0.50 (PAR/irradiance) is appropriate for our geographic 
locality [Rao, 1984; Udo and Aro, 1999].
Longwave radiation is not measured at our sites, so we use the methodology of 
Idso and Jackson [1969] to estimate the atmospheric emissivity, sa, using the air 
temperature, T, expressed as degrees absolute Kelvin, as
sa = 1 -  0.26lexp(-7 .77 -10-4 [273.15- T ]2). (2-1)
The longwave radiation, R , is
R = eaa T 4 , (2-2)
where cxis the Stefan-Boltzmann constant (5.67 x 10-8 W m -2 K-4).
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Other required inputs into the Noah LSM include monthly values of green 
vegetation fraction [Gutman and Ignatov, 1998] and snow-free albedo for the simulation 
site, along with the maximum albedo expected for deep snow [Robinson andKukla,
1985]. Resource maps with these data can be accessed from the National Oceanographic 
and Atmospheric Administration’s Environmental Modeling Center website 
(http://wwwt.emc.ncep.noaa.gov/?branch=NOAH&tab=fetchmodelconf) . Further, 
information on soil and vegetation type for each site is needed (Table 2-5).
While there is not a set or standard for LSM initialization, it has been shown that 
it takes many model years to come to hydrologic and thermal equilibrium [Yang et al,
1995], with the Noah LSM generally requiring around five or more years to initialize 
[e.g., Shrestha and Houser, 2010]. We therefore initialized our modeling runs with a ten- 
year spin-up of the atmospheric forcing data from the complete year 1999 at each site, 
followed by an analysis and comparison of the model results and observations for snow 
depth, subsurface temperature, and soil moisture beginning with the year 2 0 0 0  and going 
through 2004.
Model results and comparisons. We compare the modeling results of snow depth, 
subsurface temperature, and soil moisture with our observations of these meteorological 
variables in Figures 2-9 through 2-13. Snow depth (Figure 2-9) is very poorly modeled 
for both open and mature forest sites. This misfit is not surprising, as snow cover has 
been shown to be an issue with the Noah LSM [e.g., Barlage et a l, 2010, and references 
therein]. The difference between observations and model results exceeds 300 cm at 
SMOA, while the difference is at least 1500 cm during one year at SMMF. This 
difference is most likely due to the nature of the input parameters or model physics,
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Table 2-5. Soil and vegetation parameters at Soapgrass Mountain.
Field Site Soil Type Dominant Stand Age Leaf Area





TSHE >500 6 .8 ±0 . 8
a Tree species abbreviations: PSME -  Pseudotsuga menziesii, TSHE -  Tsuga 
heterophylla.
b Leaf area index is expressed as the mean and associated standard error for each forested 
site.
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Figure 2-9. Snow depth comparisons. (Top two panels) Snow depth from observations 
(blue) and modeling results (red) for SMOA and SMMF. Bottom two panels show the 






























Figure 2-10. Soil moisture from observations (blue) and modeling (red) results for 
SMOA at a depth of a) 10 cm and b) 50 cm. c) Differences between the observation and 
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Figure 2-11. Soil moisture from observations (blue) and modeling (red, black, green) 
results for SMMF at a depth of a) 10 cm and b) 50 cm. The black and green lines 
represent a model in which the incoming solar radiation forcing is taken from the open 
area observations. c) Differences between the observation and model at 1 0  cm (blue, 
black) and 50 cm (red, green).
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Figure 2-12. Subsurface temperature from observations (blue) and modeling (red) at a 
depth of a) 5 cm and b) 30 cm for SMOA. c) Differences between the observations and 
model results at 5 cm (red) and 30 cm (green).
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Figure 2-13. Subsurface temperature from observations (blue) and modeling (red, black 
green and yellow) at a depth of a) 5 cm and b) 30 cm for SMMF. The black and yellow 
lines represent a model in which the incoming solar radiation forcing is taken from the 
open area observations. c) Differences between the observations and model results at 5 
cm (red, black) and 30 cm (green, yellow).
with lower radiation measured at the surface owing to forest canopy capture (i.e., 
shading). Onset of snow appears to correspond well between the model and the 
observations. Snow duration times, however, seem to extend longer into the spring in the 
model results, particularly at SMMF. These factors have the most impact on correctly 
modeling the subsurface temperatures [Bartlett et al., 2004; 2005]. Improvement in the 
fit between observation and model is achieved at SMMF by using the incoming solar 
radiation forcing from SMOA (black line, Figure 2-9 b and d). This improvement is due 
to the fact that the measured radiation at the surface of SMMF is extremely low, resulting 
in abnormally high snow totals. When using radiation from SMOA, snow totals become 
more reasonable for a site less than 400 meters away.
Soil moisture (Figure 2-10) patterns are matched fairly well at both SMOA and 
SMMF, although the model produces slightly higher moisture content than what is 
observed at SMOA. At SMMF (Figure 2-11), the variability of the model results are not 
as great as the observations. A slight improvement is seen in the modeling results for 
SMMF when the incoming solar radiation from SMOA is used (Figure 2-11, black and 
green lines). The model, however, still does not capture the high variability of the 
observations, particularly the moisture spikes that can be attributed to precipitation 
events.
Modeled subsurface temperature compares fairly well in both amplitude and 
timing with observations at SMOA at both 5 and 30 cm (Figure 2-12). There is a small 
time offset in the modeled temperatures at a depth of 30 cm (Figure 2-12b), but the 
overall match is fairly good (Figure 2-12c). At the same depths at SMMF (Figure 2-13), 
the modeled temperatures are reduced in amplitude and delayed in time when compared
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to observations (red and green models in a and b, respectively). This time delay is 
strongly related to the effects of the snow cover that is modeled at SMMF. Since the 
modeled snow depth (Figure 2-9) is so great, the overall effect is to reduce the modeled 
ground temperatures. As seen at 30 cm depth, the result is strongly reduced amplitudes 
that exceeds 5 °C. Further, the timing related to the increase in temperatures after the 
snow melts is delayed in the model results. Great improvement is made when using the 
incoming solar radiation observations from SMOA. The resultant modeled ground 
temperatures (Figure 2-13, black and yellow lines) are much closer to the observed 
temperatures, although the modeled temperatures at 5 cm are generally warmer than the 
observations. The temperatures at 30 cm are well matched using this new input, showing 
the close tie between incoming solar radiation and ground temperature.
Discussion
Previous studies have investigated the effects of land cover changes, including 
deforestation and clear-cutting, on ground temperatures and subsurface hydrologic 
conditions [e.g., Lewis and Wang, 1998; Lewis, 1998; Beltrami andKellman, 2003; 
Iwahana et al, 2005; Nitoui and Beltrami, 2005; Ferguson and Beltrami, 2006; Bense 
and Beltrami, 2007; Taggart et al., 2011]. Lewis and Wang [1998] report ground 
warming of 1 to 2 °C in Canadian boreholes where deforestation had occurred. They 
attribute the warming to the addition of heat into the ground that was previously utilized 
for transpiration in the forest. Lewis [1998] furthers this discussion with an analysis of 
the effects of deforestation on ground surface temperatures. Deforestation will warm the 
ground temperatures, introducing a warming bias in ground temperatures that is modeled
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as a step change occurring at the time of deforestation [Lewis, 1998]. However, Lewis 
[1998] claims that as deforestation occurs, that air temperatures will increase in the 
deforested regions, matching ground temperatures. We do not observe this change, 
rather, ground temperatures respond to the changes in solar radiation.
Beltrami andKellman [2003] show the results of two closely spaced stations in 
Nova Scotia, Canada. They report warmer ground temperatures in the spring and 
summer, similar to that observed in Oregon (Figure 2-7). Further, Beltrami and Kellman 
[2003] observe the importance of solar radiation to the ground temperatures at the field 
site in their study, but, in contrast to this study, do not find that solar radiation is as 
important in the forested site.
Iwahana et al. [2005] show that, at their paired sites in a permafrost region of 
Siberia, an increase in soil temperature occurs in the first year after land cover change 
after which no further change in soil temperature occurs. It is not clear if  the vegetation 
at their cleared site is returning, as we observed at our clear-cut site. If so, we would 
expect that ground temperatures would cool. Iwahana et al. [2005] also report an 
increase in soil water content at the cleared site that they ascribe to the decrease in 
evapotranspiration from the loss of the forest. Unfortunately, we do not have data 
immediately after clear cutting to know if this is occurring at our sites; however, we do 
not observe changes in the soil moisture differences over time as the forest regrows at our 
open site that would indicate initially changed conditions (Figure 2-7).
Several papers [Nitoiu and Beltrami, 2005; Ferguson and Beltrami, 2006; and 
Bense and Beltrami, 2007] investigate through modeling how deforestation can perturb 
ground temperatures spatially away from the land cover change. Deforestation would
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increase the amount of energy received at the ground surface, thus warming the borehole 
temperatures. Nitoiu and Beltrami [2005] noted that as the forest regrows, the conditions 
will return to those that were preexisting, but the bias in temperature would remain. A 
major assumption in their model [Nitoiu and Beltrami, 2005] was that regrowth would 
require times on the order of 100 years. However, at our site, we see significant regrowth 
and a return to background conditions in only a few years. While a bias in the borehole 
temperatures would be introduced by deforestation, at our site, it would not be as 
significant as the modeling by Nitoiu and Beltrami [2005] would suggest. The other two 
studies [Ferguson and Beltrami, 2006; Bense and Beltrami, 2007] both model deep 
borehole temperatures and lateral flow conditions. Our study investigated subsurface 
conditions in the upper meter and did not observe conditions such as modeled by these 
studies.
Lastly, Taggart et al. [2011] investigated the effects that shading has on carbon 
storage in soils and found that shading of soils and regrowth of vegetation in a peatland in 
North Carolina increased the storage of carbon in the soil. While we did not measure 
carbon storage, the regrowth of our open site holds the potential for increased storage of 
carbon.
Conclusions
Five years of observations at the Soapgrass Mountain site in the Oregon Cascades 
permit the following conclusions:
1. Subsurface temperatures generally follow the patterns of air temperature. 
However, subsurface temperatures are largely influenced by incoming solar radiation, as
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is observed by the decreasing ground temperatures in the open area from 8.3 °C to 7.8 °C 
(litter temperatures). Over this time period, the air temperatures in the open area actually 
increase from 7.7 to 8.3 °C, while incoming radiation decreases from 304 to 240 |imol m­
2 sec-1. This decrease corresponds to vegetation regrowth and shading of the ground in 
the open area.
2. The exception to the air temperature and solar radiation influence on the ground 
temperature is during the winter when there is snow cover. This provides for differences 
that we observe between the open area and the mature forest in the spring, where snow 
cover remains on the ground longer in the mature forest between one to two weeks. This 
occurs even though the amount of snow on the ground in the mature forest is generally 
less than half the depth of the open area snow throughout the winter.
3. Precipitation has the greatest impact on soil moisture. Changes in soil moisture 
can be directly correlated to precipitation events. However, there is no apparent change 
in subsurface temperatures related to precipitation. Also, despite the vegetation 
differences, precipitation differences at the surface over the course of a year are small, 
with the open area receiving an average of less than 2  mm day-1 more than the mature 
forest over the course of the year, despite large differences for individual events 
averaging up to 50 mm day-1. Thus, over the course of our observations, there are small 
differences in soil moisture between the open area and mature forest sites between 5.6 
and 14.6%.
4. Land surface modeling of the sites only works if the open area radiation values 
are used -  otherwise, the snow cover is too deep (exceeding 1 0  m!) and lasts too long into
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the summer. This greatly influences the subsurface temperatures as the snow cover 
insulates the ground from the air temperatures.
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CHAPTER 3
A WEB-BASED RESOURCE FOR INVESTIGATING 
ENVIRONMENTAL CHANGE: THE EMIGRANT 
PASS OBSERVATORY
Abstract
We present a user-friendly, data-driven website (http://thermal.gg.utah.edu/ 
facilities/epo/) for a geothermal, climate-change observatory that is educational for the 
general public, students, and researchers alike. The Emigrant Pass Observatory (EPO), 
located in the Grouse Creek Mountains in northwestern Utah, gathers both 
meteorological data (solar radiation, air temperature, rainfall, wind speed and direction, 
and snow depth) and subsurface temperatures in shallow drillholes. Our website has 
three main functions: 1 ) it provides a tutorial for understanding both local climate and 
climate change, and their relation to diffusion of temperatures into the Earth’s subsurface, 
2) it facilitates user-defined accessibility to download available climate data, and 3) it 
contains lesson ideas for using real data to understand local climate. EPO data and 
resources are ideal for active learning projects. Additionally, our collaboration with 
ongoing outreach projects (e.g., GK-12) in Utah promote the use and understanding of
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climate change data among students and educators, thus filling a valuable niche in local 
education.
Introduction
The surface temperature of our planet has increased on average by nearly one 
degree Celsius over the last century, with much of the warming occurring since 1975 
[Hansen et al., 2010, Brohan et al, 2006, Smith and Reynolds, 2005]. The fourth, and 
most recent, assessment of the Intergovernmental Panel on Climate Change [IPCC, 2007] 
showed that the only way to explain the temperature increase is via anthropogenic causes. 
Although there is still lingering “debate” among the public and policymakers over the 
cause of climate change [e.g., Newell and Pitman, 2010], when past and future 
temperature change is put into perspective [Chapman and Davis, 2010], there can remain 
little doubt about its anthropogenic origin.
As Newell and Pitman [2010] point out, part of the uncertainty among non­
scientists over the reality of global warming has psychological underpinnings related to 
how people make decisions. An additional contribution to this uncertainty can be traced 
to deficiencies in science education as has been reported on by several studies authored 
by scientific [American Association for the Advancement o f Science, 1990; National 
Research Council, 2011] and government [National Science Foundation, 1996] bodies.
A key issue in all of these studies is that “hands-on” or active learning is an important 
aspect of science literacy. Using and analyzing real data is one way of providing students 
with an active learning environment [e.g., Hays et al., 2000].
This commentary follows an assertion by Martin and Howell [2001] that science 
should be “minds on.” According to Martin and Howell [2001], “minds on” science 
involves a student’s exploration of a scientific question as opposed to focusing on the 
answer. This investigation of the question requires students “to analyze large sets o f real 
data, to evaluate the data critically, to observe patterns and anomalies, to make 
inferences and predictions based on the data, to interpret the data, and to form testable 
hypotheses to explain their observations’’ [Martin and Howell, 2001, 158].
To be able to accomplish “minds on” project learning, it is necessary to have 
access to both the relevant tools and datasets required to satisfy the project objectives 
[Roberts et al., 2010]. The use of such tools in science education is becoming more 
commonplace throughout the educational system [Underwood et al, 2008], and online 
data use in the classroom has been shown to enhance student satisfaction and learning 
[Brey, 2000]. One of the key issues is knowing where to find such data.
The Emigrant Pass Observatory (EPO; http://thermal.gg.utah.edu/facilities/epo/) 
provides a way of understanding how climate change is studied and offers real research 
data that can be obtained easily through an online interface. This commentary describes 
the operations of the EPO, the data products that are available, and potential lesson ideas 
that can be used by interested educators for students in learning about climate processes 
and change.
Emigrant Pass Observatory
The Emigrant Pass Observatory (EPO) is located at the southern end of the 
Grouse Creek Mountains of northwestern Utah (Figure 3-1). It was established in 1993
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Figure 3-1. Map of northwestern Utah, USA, showing the Emigrant Pass Observatory 
(modified from Davis et al., 2010).
next to a 150 m deep borehole GC-1 as part of a climate change observatory that would 
allow concurrent monitoring of both meteorological conditions (such as air temperature, 
solar radiation, snow, and rainfall) and subsurface temperatures [Putnam and Chapman,
1996]. The station ran continually through 2004, with minor operational setbacks due to 
battery, data storage, and instrument failures [Bartlett et al., 2006]. A major upgrade of 
the station near the end of 2004 allowed telemetry of daily observations at EPO [Bartlett 
et al, 2006], and near 1 0 0  percent data recovery.
The borehole and weather station are located on a granitic outcrop in the midst of 
a sparsely vegetated area of pinon pine and juniper (Figure 3-2). The topography is 
generally flat with a gentle slope to the northeast. These factors aid in making this desert 
environment an ideal location for such an observatory.
The instruments at EPO include a solar powered Campbell Scientific CR-10 data 
logger that controls a collection of meteorological instruments (air temperature, solar 
radiation, precipitation, snow depth, wind speed, and wind direction) and several shallow 
thermistor strings designed to measure temperature in the granite outcrop and nearby soil 
(Figure 3-2). The data logger interrogates the sensors every 60 seconds and stores 30- 
minute averages.
Use of EPO and Boreholes to Study Climate 
Boreholes, long used to investigate heat flowing out of the Earth through 
measurements of temperature with depth, are also an important source of information of 
changing temperatures at the surface of the earth. Changing surface temperatures diffuse 
into the subsurface, as described by the one-dimensional heat diffusion equation,
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Figure 3-2. The Emigrant Pass geothermal climate change observatory EPO. (Left) 
Cartoon map view of EPO with locations of the ground temperature probes (GP1-5), the 
borehole GC-1, and surrounding vegetation. (Right) Image of EPO looking towards the 
large pinon pine on the northwest of the enclosure.
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where T is temperature, z i s depth, t is time, and a  is thermal diffusivity. Because it is a 
diffusive process, there is both an attenuation of the temperature amplitude and a phase 
lag (Figure 3-3) in the ground temperatures. Figure 3-3 shows a simplified annual 
sinusoidal surface temperature wave (Figure 3-3, solid line z = 0 m) with a mean 
temperature of ~10°C and an amplitude of 20°C. At a depth of 1 m (Figure 3-3, dashed 
line), the amplitude of the temperature wave is 73% of the surface amplitude, and the 
peaks and troughs occur 18 days later than at the surface. At a depth of 5 m (Figure 3-3, 
dotted line), the amplitude is further attenuated to 41% of the surface amplitude, and the 
peak occurs 91 days after the surface peak. Also noteworthy in this simplified model, the 
surface temperature is below freezing for 1 2 1  days, whereas at 1 m, the temperature is 
below freezing for only 94 days. The ground at 5 m depth never freezes, with a 
minimum temperature of 5.9°C. This attenuation property allows one to avoid freezing 
water pipes by burying the pipes to a particular depth.
The process of diffusing surface temperature into the subsurface can be used to 
examine changing surface air temperature (SAT) over periods of years, decades, and 
centuries. Changes in SAT (and hence surface ground temperatures) produce transient 
departures from the background, steady-state thermal regime measured in boreholes. 
Figure 3-4 illustrates a hypothetical, fluctuating SAT plotted with the mean as zero 
(Figure 3-4a). Beginning in 1900, this imaginary SAT has a warming trend of nearly 20 
years before slowly cooling for the next 40 years. Following this overall cooling trend is 












Figure 3-3. Diffusion of a sinusoidal annual surface temperature wave into the 
subsurface. Note the phase lag and attenuation of the surface temperature. See text for 
details.
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the ground temperatures in a borehole at three distinct times (1956, 1976, and 1998; 
indicated by triangles, Figure 3-4a), the resulting borehole temperature-depth profiles 
would be affected by the fluctuating SAT. In the absence of a changing surface 
temperature, the constant, background thermal gradient (Figure 3-4b, heavy solid line) 
facilitates heat flowing steadily out of the Earth and would be drawn to show the surface 
temperature intercept equal to the mean surface temperature. However, as the SAT 
changes (remembering that in this case, it warms, cools, and warms again), a transient 
temperature anomaly is recorded in the subsurface temperature measurements that are 
different from the background thermal profile (Figure 3-4b). In our example, the initial 
borehole temperature measurements are made in 1956. The resultant temperature-depth 
profile (Figure 3-4b, dotted line) is cooler than the background thermal gradient to a 
depth of approximately 50 m, due to the borehole temperatures being measured after 
nearly 40 years of SAT cooling. Returning to the borehole after 20 years, measured 
ground temperatures show that the anomaly from the cool temperatures has continued to 
diffuse into the subsurface, with temperatures cooler than the background geotherm 
extending to around 75 m (Figure 3-4b, thin solid line). However, the SAT has begun 
warming during this 2 0 -year period, so the upper portion of the borehole is now warming, 
with the uppermost temperatures being greater than the background thermal profile 
(Figure 3-4b, thin solid line). With continued warming over the next two decades, a final 
borehole temperature-depth profile would show the transient anomaly to be warmer than 
the background temperature-depth profile (Figure 3-4b, dash-dot line) down to a depth of 
about 45 m. Below this depth, the earlier cooling trend measured previously still affects 
the borehole temperatures, as temperatures below 50 m are slightly cooler than
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Figure 3-4. Basic aspects of using borehole temperatures to understand surface 
temperature change. (a) A 100-year record of SAT plotted with the mean temperature as 
zero. Borehole temperatures are measured at three distinct times as indicated by 
triangles. (b) Temperature-depth profiles at these three times shown with respect to the 
background thermal gradient (solid line). (c) Reduced temperature profiles with the 
background thermal gradient removed. (d) Temperature differences with respect to the 
initial temperature log. Figure modified from Davis et al. [2011].
background. These cooler temperatures extend to below 100 m depth, although they are 
strongly reduced due to the diffusive nature of this process as described by Equation 3-1.
Because the transient temperature component is often small (the cool 
temperatures extending to below 1 0 0  m in the third temperature-depth profile, for 
example), it is convenient to remove the background thermal gradient and present the 
transient anomaly as reduced temperature (Figure 3-4c) with an expanded temperature 
scale. This transform allows one to isolate the transient anomaly and make comparisons 
with the steady-state case. In our example, the effects of cooling extend the entire depth 
of the borehole by the final borehole temperature log (Figure 3-4c, dash-dot line). In 
practice, instrument precision and geologic noise limit detection of small signals and it 
would be difficult to see the entire anomaly. However, the larger the anomaly, the deeper 
it can be identified, such that surface temperature reconstructions for the past 1 0 0  years 
can be found in the upper 150 m of the Earth, and surface temperature change in the past 
millennium can be made from temperatures measured in 500 m deep boreholes (for 
further information see Davis et al. [2011] and references therein).
When multiple borehole temperature-depth profiles are available, it is most 
informative to examine the temperature changes between logs by differencing them 
relative to the initial log (Figure 3-4d). Differencing allows one to identify transient 
temperatures and eliminate perturbations in a temperature profile not related to climate.
A convincing case for climate reconstruction can be made when air temperature changes 
are modeled and produce good fits to the changes seen in the differenced temperature.
For further information, see Davis et al. [2010].
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Monitoring of meteorological variables, in addition to temperature, are important 
to understanding coupling between ground and air temperatures. Snow, for example, 
insulates the ground from the very cold conditions in the air, resulting in the ground being 
warmer than would be expected. On the other hand, site conditions like excessive 
vegetation or shade, in association with incoming solar irradiance, can result in cooler 
ground temperatures. A site such as EPO where changing conditions are continually 
monitored allows us to connect ground and air temperatures, particularly in an effort to 
investigate past climate changes.
Data Products
The Emigrant Pass Observatory web site (http://thermal .gg.utah.edu/ 
facilities/epo/) allows specific downloading of climate parameters measured at the site. 
Individual sensors and time periods can be selected for downloading (Table 3-1). With 
simple text files as output, the web site allows for easy use in data analysis packages such 
as Matlab or Microsoft Excel (Figure 3-5). For example, Figure 3-5 shows 
meteorological variables and ground temperature measured at EPO during one annual 
cycle starting in January 2007. The surface air temperature (SAT) (Figure 3-5a) clearly 
shows the seasonal variation but also fluctuates with shorter periods indicating cold and 
hot spells. Air temperature at the EPO site in Utah varies by 50°C during the year, from 
a low of -15 to a maximum of 35°C. Ground temperatures can be seen to follow the 
SAT, with similar patterns of temperature change throughout the year, especially for the 
shallow measurements, but are warmer than air temperatures in the summer months. The 
attenuation and the phase lag of the ground temperatures that are described by Equation 1
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Table 3-1. Available sensors at EPO (modified from Bartlett et a l, 2006).
Measured1 parameter Precision2 Installation3
Air temperature 0.05 K 2  m above granite
Solar radiation 0.1 Wm -2 Incident
Rainfall 0 . 1  mm 1 -m mast height
Snow Depth 1 . 0  mm Sonar “pinger”
Wind Speed 0.04 m s-1 3-m mast height
Wind Direction 5.0° 3-m mast height
Wind Variability 5.0° 3-m mast height
Ground Temperature 0.01 K 0.025, 0.1, 0.2, 0.5, 1.0 m
1 Meteorological variable measured at EPO.
2 Precision of individual instruments and data at EPO.
3 Location (height or depth) of instruments at EPO.
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Figure 3-5. Meteorological variables and ground temperatures at EPO for the year 2007. 
a) Daily air and ground temperatures. Note the tracking of air temperature by the ground 
temperature. b) Annual rainfall (75 mm). c) Snow depth. The 2007 - 2008 winter was 
an exceptional snow year. d) Solar insolation.
are more apparent in the deeper measurements. The amplitude of the temperature 
fluctuation at 1 m is greatly subdued not only annually, but high-frequency variation is 
not seen at shorter time scales. There is also a notable lag in the time of peak SAT and 
peak ground temperature at 1 m.
Other available data include precipitation in the form of both rain (Figure 3-5b) 
and snow (Figure 3-5c), as well as solar insolation (Figure 3-5d). Precipitation at EPO is 
very low, with small rain events throughout the year (Figure 3-5b). The majority of the 
precipitation comes in the form of snow, with some years having little snow (e.g., 2006 -  
2007) and others having considerably more (e.g., 2007 -  2008; Figure 3-5c). Solar 
radiation at the site varies throughout the year (Figure 3-5d) and is the primary driver of 
temperatures recorded at EPO [Putnam and Chapman, 1996; Bartlett et al., 2006].
A closer examination of the SAT and the ground temperatures is shown in Figure
3-6. Over the course of one week, the SAT has a daily variation of greater than 10°C and 
is highly variable throughout the day. The shallowest ground temperature at 2.5 cm 
depth follows the general trend seen in the SAT, but with an obvious time lag. The 
ground temperature at 2.5 cm also is much warmer at its peak than the SAT. This 
observation can be directly related to the heating the granite surface at EPO receives from 
the incoming solar radiation [Putnam and Chapman, 1996]. Also notable is the 




Figure 3-6. Air and ground temperatures at EPO over the course of one week in October 
of 2009. The phase lag and attenuation of the air temperature is clearly seen in the 
subsurface temperatures.
Lesson Ideas
Depending on the grade level of the students (K-12, undergraduate, graduate), as 
well as the objective of the lesson or class, it may be necessary to introduce some basic 
principles (e.g., how the sun affects climate) prior to using the EPO data. However, it 
may also be useful to just “jump in” and begin examining the data. For many students, 
seeing and using real scientific data can lead to greater interest [Brey, 2000], so the “jump 
in” approach can be effective. Alternatively, we suggest performing a pretest that 
examines a student’s prior knowledge and understanding. This can be an excellent 
springboard on the direction to proceed [e.g., Martin and Howell, 2001]. In such a pre­
test, students can first be asked to sketch a plot of how air temperature changes over a 
given period of time. A good starting point is looking at the daily variation of 
temperature, as most students should be able to identify roughly the rise and fall of 
temperature that occurs over the course of a day. After discussing the student responses, 
a consideration and discussion of measured EPO air temperature is warranted. For 
example, the air temperature plotted in Figure 3-6 illustrates the warming of the air 
through the day, followed by cooling into the evening and night. However, the warming 
and cooling of the air temperature does not smoothly increase and decrease, but instead 
shows higher frequency fluctuations throughout the day. Inspection of other parameters 
such as solar radiation, wind, and precipitation could then elucidate what may be 
happening to cause the uneven rise and fall of air temperature. Is there a storm passing?
Is it cloud cover? Examining this phenomenon gives students the “minds on” experience 
of working with and analyzing real-world data.
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A second lesson could involve investigating how the ground temperatures change 
over time (Figure 3-6). A pretest procedure that asks students to sketch how ground 
temperatures would change with respect to air temperature might lead to a discussion on 
how hot the ground gets (e.g., a comparison of asphalt versus grass) and why this occurs 
(albedo effects). After this discussion, an examination of the ground temperatures would 
yield “minds on” questions such as why does the ground temperature change lag the air 
temperature change and why the ground temperatures have smooth variations with time. 
Further inquiry of the ground temperature data during and after the winter snow and an 
observation that ground cleared of snow freezes “hard” while ground covered by snow 
rarely freezes can also lead to excellent discussion and opportunities for inquiry-based 
learning.
In both cases discussed, data from EPO serve as a basis for understanding how 
changes at the surface affect the ground beneath our feet. This consideration provides an 
additional element for understanding climate and environmental change, as much 
climate-related data are limited to surface meteorological data only.
Outreach
The rich resource of climate information from the northwestern Utah EPO creates 
a potential for science outreach. One way we are promoting the use of our web site is 
with ongoing National Science Foundation sponsored GK-12 outreach projects in Utah. 
These projects promote the use of scientific data in the classroom through inquiry-based 
learning by placing University of Utah science graduate students in contact with 
elementary, middle, and high school students and educators in the Salt Lake City School
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District. Through weekly meetings, graduate students are introduced to the EPO website 
and the various learning activities that are available. After presenting lessons in K-12 
classrooms, these graduate students provide feedback and assessment that will help to 
improve the offerings of the website.
Summary
The Emigrant Pass Observatory in northwest Utah offers near-real time climate 
data that can easily be accessed for “minds on,” inquiry-based learning. Available data 
include air and ground temperatures, precipitation, wind speed and direction, and solar 
radiation. These data can be easily accessed at the Emigrant Pass Observatory web site 
(http://thermal.gg.utah.edu/facilities/epo/). We suggest using a pretest of a student’s 
knowledge and understanding of physical processes as a springboard to “jump in” and 
examine the EPO data, thus investigating the process as opposed to finding an answer.
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